The biosynthetic pathway of medium-chain-length (MCL) polyhydroxyalkanoates (PHAs) from fatty acids has been established in fadB mutant Escherichia coli strain by expressing the MCL-PHA synthase gene. However, the enzymes that are responsible for the generation of (R)-3-hydroxyacyl coenzyme A (R3HA-CoAs), the substrates for PHA synthase, have not been thoroughly elucidated. Escherichia coli MaoC, which is homologous to Pseudomonas aeruginosa (R)-specific enoyl-CoA hydratase (PhaJ1), was identified and found to be important for PHA biosynthesis in a fadB mutant E. coli strain. When the MCL-PHA synthase gene was introduced, the fadB maoC double-mutant E. coli WB108, which is a derivative of E. coli W3110, accumulated 43% less amount of MCL-PHA from fatty acid compared with the fadB mutant E. coli WB101. The PHA biosynthetic capacity could be restored by plasmid-based expression of the maoC Ec gene in E. coli WB108. Also, E. coli W3110 possessing fully functional ␤-oxidation pathway could produce MCL-PHA from fatty acid by the coexpression of the maoC Ec gene and the MCL-PHA synthase gene. For the enzymatic analysis, MaoC fused with His 6 -Tag at its C-terminal was expressed in E. coli and purified. Enzymatic analysis of tagged MaoC showed that MaoC has enoyl-CoA hydratase activity toward crotonyl-CoA. These results suggest that MaoC is a new enoyl-CoA hydratase involved in supplying (R)-3-hydroxyacyl-CoA from the ␤-oxidation pathway to PHA biosynthetic pathway in the fadB mutant E. coli strain.
Polyhydroxyalkanoates (PHAs) are polyesters of (R)-hydroxyalkanoic acids accumulated in numerous bacteria as an energy and carbon storage material under nutrient limiting condition in the presence of excess carbon source (1, 17, 20) . PHAs have been attracting much attention as they can be used as biodegradable polymers (20) and as the sources of chiral pools for the synthesis of fine chemicals (18) . The metabolic pathways for the biosynthesis and degradation of PHAs have been well examined in many bacteria (17, 20) . For example, in short-chain-length-PHA-producing bacteria such as Ralstonia eutropha and Alcaligenes latus, two acetyl coenzyme A (acetylCoA) moieties derived from various carbon sources are condensed to acetoacetyl-CoA by 3-ketothiolase (PhaA) and sequentially converted to (R)-3-hydroxybutyryl-CoA (R3HB-CoA) by acetoacetyl-CoA reductase (PhaB). Then, R3HB-CoA is added to the growing chain of poly (3-hydroxybutyrate) [P(3HB)] by the short-chain-length PHA synthase (PhaC) (29) .
In pseudomonads belonging to the rRNA homology group I, the intermediates of fatty acid metabolism including enoylCoA, (S)-3-hydroxyacyl-CoA, 3-ketoacyl-CoA, and 3-hydroxyacyl-acyl carrier protein (ACP) are major precursors for medium-chain-length (MCL) PHAs (17, 20, 36) . The metabolic links between the fatty acid metabolism and PHA biosynthesis are mediated by various enzymes such as enoyl-CoA hydratase (7, 8, 9, 23, 34, 35) , 3-ketoacyl-ACP reductase (22, 27, 33) , epimerase (20) , and 3-hydroxyacyl-ACP:CoA transacylase (12, 26) . The genes encoding these enzymes have been cloned from various bacteria and characterized in detail at molecular level. Recently, the MCL-PHA biosynthesis pathway was successfully established in recombinant Escherichia coli by expressing the MCL-PHA synthase gene. The ␤-oxidation pathway has been engineered by the overexpression of enoyl-CoA hydratase (34, 35) or 3-ketoacyl-ACP reductase (22, 27, 33) , and/or by the disruption of FadB or FadA (15, 22, 24, 25, 27) . In the former case, the metabolic connection of ␤-oxidation pathway to PHA biosynthesis is quite clear. However, in the latter case there must exist unidentified enzymes in E. coli which convert ␤-oxidation intermediates to (R)-3-hydroxyacyl-CoA (R3HA-CoA) when the function of FadB or FadA is disrupted. There has been a report showing that the overexpression of Pseudomonas oleovorans fadBA genes could not establish the PHA biosynthetic pathway in recombinant E. coli (7) . Recently, YfcX, which is homologous to FadB, was found to be necessary for the MCL-PHA formation in a fadB mutant E. coli strain (30) .
These results encouraged us to search for other missing enzymes linking the ␤-oxidation pathway and the PHA biosynthetic pathway in the fadB mutant E. coli. Through the E. coli protein sequence database search, MaoC, which is homologous to the P. aeruginosa (R)-specific enoyl-CoA hydratase (PhaJ1) was identified. Results obtained by the inactivation of the chro-mosomal maoC Ec gene in a fadB mutant E. coli strain and enzymatic analysis of MaoC suggested that MaoC is a newly identified enoyl-CoA hydratase, which is involved in linking the ␤-oxidation and the PHA biosynthetic pathway in the fadB mutant E. coli strain.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Table 1 . E. coli XL1-Blue (Stratagene Cloning Systems, La Jolla, Calif.) and DH5␣ (Invitrogen Life Technologies, Carlsbad, Calif.) were used as host strains for general cloning works and gene expression. E. coli W3110, WB101 (W3110 fadB::Km), WB108 (WB101 maoC::Tc), and WB112 (WB101 yfcX::Tc) were used as host strains for the synthesis of MCL-PHAs. The fadB mutant E. coli WB101 was constructed by the insertion of kanamycin resistant gene obtained from pACYC177 (New England Biolabs, Berverly, Mass.) into the middle of fadB Ec gene in the E. coli chromosome using pKO3 plasmid (19) . The insertional mutation of fadB Ec was confirmed by PCR as suggested by Link et al. (19) . The fadB maoC mutant E. coli WB108 and the fadB yfcX mutant E. coli WB112 were constructed by replacing the maoC Ec gene and the yfcX Ec gene in the chromosome of E. coli WB101 with the tetracycline-resistant gene, respectively, using the red operon of bacteriophage as described by Jeong and Lee (13) . Replacement of the maoC Ec gene and the yfcX Ec gene with the tetracycline resistant gene was confirmed by PCR.
Plasmid construction. PCR was performed with the PCR Thermal Cycler MP (Takara Shuzo Co., LTD., Shiga, Japan) using the Expand High Fidelity PCR System (Roche Molecular Biochemicals, Mannheim, Germany). DNA sequencing was carried out using the BigDye Terminator cycle sequencing kit (PerkinElmer Co., Boston, Mass.), Taq polymerase, and ABI Prism 377 DNA sequencer (Perkin-Elmer Co.). All DNA manipulations including restriction digestion, ligation, and agarose gel electrophoresis were carried out by standard procedures (28) .
Plasmids and primers used in this study are listed in Table 1 and 2, respectively. Plasmid pMCS104613C2 was constructed by the insertion of EcoRV-SspI digested gene fragment of p10499613C2 (22) containing the gntT104 promoter and the Pseudomonas sp. strain 61-3 phaC2 Ps gene (21) into EcoRV-digested pBBR1MCS (14) .
Primers for the amplification of the maoC Ec and yfcX Ec genes were designed based on the reported E. coli genome sequence (3) . A plasmid for the expression of the E. coli maoC Ec gene was constructed by the insertion of the PCR amplified maoC Ec gene at SacI and XbaI sites of plasmid p10499A (22) . Also, PCR amplified yfcX Ec gene was inserted into p10499A at EcoRI and HindIII sites. pTac99A is a derivative of pTrc99A (Pharmacia Biotech., Uppsala, Sweden), which was constructed by replacing the trc promoter of pTrc99A with the tac promoter from pKK223-3 (Pharmacia Biotech) digested by PvuII and EcoRI. pTac99MaoCH was constructed by the insertion of PCR amplified maoC Ec gene fused with His 6 -Tag at its C-terminal (maoC Ec -his 6 -tag) into pTac99A at the SacI and XbaI sites.
Culture conditions. E. coli XL1-Blue and DH5␣ were cultured at 37°C in Luria-Bertani (LB) medium (containing, per liter, 10 g of tryptone, 5 g of yeast extract, and 5 g of NaCl). For the biosynthesis of PHA, recombinant E. coli W3110, WB101, WB108, and WB112 strains were cultivated for 96 h in 250-ml flasks containing 100 ml of LB medium supplemented with sodium decanoate (2 g/liter; Sigma Co., St. Louis, Mo.). Flask cultures were carried out in a rotary shaker at 250 rpm and 30°C. Ampicillin (50 mg/liter) and chloramphenicol (34 mg/liter) were added to the medium.
Analytical procedures. PHA concentration and monomer composition were determined by gas chromatography (Donam Co., Seoul, Korea) equipped with a fused silica capillary column (SPB-5 film [30 m by 0.32 mm; inner diameter, 0.25 m]; Supelco, Bellefonte, Pa.) using benzoic acid as an internal standard (4). Cell concentration, defined as dry cell weight (DCW) per liter of culture broth, was determined as previously described (6, 16) . The residual cell concentration was defined as the cell concentration minus PHA concentration. The PHA content (weight percent) was defined as the percentage of the ratio of PHA concentration to cell concentration. Protein expression and activity measurement. The maoC Ec -his 6 -tag gene was expressed by inducing with 1 mM IPTG in recombinant E. coli DH5␣ (pTac99MaoCH). The protein level was analyzed by electrophoresis on a 12% (wt/vol) sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). Crude extracts of recombinant E. coli strains were prepared by three cycles of sonication (each for 20 s at 15% of maximum output; High-Intensity Ultrasonic Liquid Processors; Sonics & Material Inc., Newtown, Conn.). MaoC Ec -His 6 -Tag was purified by Ni-nitrilotriacetic acid spin column kit (Qiagen Inc, Valencia, Calif.). The amount of soluble proteins was determined by Bio-Rad protein assay kit (BioRad, Hercules, Calif.) using bovine serum albumin as a standard.
The enoyl-CoA hydratase activity was measured by assaying the hydration of crotonyl-CoA (Sigma Co.) at 263 nm (DU series 600 spectrophotometer; Beckman, Fullerton, Calif.) (2, 8, 30) . A 10-l aliquot of enzyme solution was added to 90 l of 50 mM Tris-HCl (pH 8.0) containing 0.25 mM crotonyl-CoA. The decrease in absorbance at 263 nm was measured. The extinction coefficient (ε 263 ) of the enoyl-thioester bond is 6.7 ϫ 10 3 M Ϫ1 cm Ϫ1 (2) . One unit of enoyl-CoA hydratase activity was defined as the removal of 1 mol of crotonyl-CoA per min. The specific activity of enoyl-CoA hydratase was defined as the activity of enoylCoA hydratase per milligram of protein.
RESULTS
Identification of the E. coli gene homologous to P. aeruginosa phaJ1 Pa . The E. coli maoC Ec gene was found to be homologous to the P. aeruginosa phaJ1 Pa gene by BLAST search (http: //www.ncbi.nlm.nih.gov/BLAST/). From the conserved domain database, PhaJ1 was found to have the MaoC like domain. The amino acid sequence of MaoC showed 34% identity to that of PhaJ1 (Fig. 1) .
Production of PHA in recombinant E. coli strains harboring the MCL-PHA synthase gene and the maoC Ec gene. Recombinant E. coli W3110 harboring only the Pseudomonas sp. 61-3 phaC2 Ps gene did not produce PHA from sodium decanoate (22) . Also, coexpression of the yfcX Ec and phaC2 Ps genes in E. coli W3110 did not result in the accumulation of PHA from sodium decanoate (Table 3) . On the other hand, the coexpression of the yfcX Ec and phaC2 Ps genes in E. coli WB101 resulted in the accumulation of PHA up to 0.39 g/liter, which is higher than that obtained with E. coli WB101 harboring the phaC2 Ps gene only (0.21 g/liter). The fadB yfcX mutant E. coli WB112 showed decreased PHA biosynthetic activity as previously reported by Snell et al. (30) . The restoration of PHA biosynthetic activity of E. coli WB112 was achieved by the plasmid-based expression of the yfcX Ec gene (Table 3) .
To examine whether the maoC Ec gene can supply R3HA-CoAs from the ␤-oxidation pathway, recombinant E. coli strains W3110 and WB101 harboring pMCS104613C2 and p10499MaoC were cultivated in LB medium containing sodium decanoate (2 g/liter) at 30°C. When the maoC Ec was produced up to 12 wt% of DCW from sodium decanoate. It is interesting that 3-hydroxybutyrate (3HB) was not incorporated into PHA even though the Pseudomonas sp. strain 61-3 PHA synthase has been shown to be able to incorporate 3HB monomer (21) . The mole fraction of 3HO was the highest (Table 3) . Recombinant E. coli WB101 harboring only the phaC2 Ps gene accumulated PHA consisting of 3HHx, 3HO, and 3HD from sodium decanoate as previously reported by Steinbüch-el's group (15, 25) . The coexpression of the maoC Ec gene resulted in the incorporation of more 3HO monomer (up to 61 mol%) into PHA without much increase of the PHA content and PHA concentration. It is notable that the 3HHx monomer was not incorporated into PHA when the maoC Ec gene was additionally expressed (Table 3) .
Construction of fadB and maoC mutant E. coli and its use for PHA biosynthesis. In order to confirm the possible role of MaoC linking the ␤-oxidation and PHA biosynthetic pathways, a fadB maoC double-mutant strain WB108 was constructed. When the recombinant E. coli WB108 harboring only the phaC2 Ps gene was cultured from sodium decanoate, the PHA concentration obtained was only a half of that obtained with recombinant E. coli WB101, which means that one of the metabolic links between the ␤-oxidation and PHA biosynthetic pathways is disconnected by the inactivation of MaoC (Table  3) . Restoration of the MaoC activity by the introduction of p10499MaoC allowed recombinant E. coli WB108 harboring the phaC2 Ps gene to synthesize PHA consisting of 3HO and 3HD from sodium decanoate, which is similar to that obtained with WB101 harboring pMCS104613C2 and p10499MaoC (Table 3).
Enoyl-CoA hydratase activity of MaoC. The MaoC Ec -His 6 -Tag protein was produced using E. coli DH5␣ (pTac99MaoCH) and purified (Fig. 2) . This tagged MaoC was used to examine enoylCoA hydratase activity using crotonyl-CoA as the substrate. The purified tagged MaoC showed the enoyl-CoA hydratase activity of 47.6 U/mg towards crotonyl-CoA.
DISCUSSION
It has previously been demonstrated that recombinant E. coli impaired in ␤-oxidation pathway successfully synthesizes MCL-PHAs from fatty acids when equipped with a functional MCL-PHA synthase (15, 22, 24, 25, 27) . The elucidated metabolic pathways for the production of MCL-PHA from the intermediates of ␤-oxidation pathway are shown in Fig. 3 . Various enzymes including FadD, FadE, enoyl-CoA hydratase, epimerase and 3-ketoacyl-CoA reductase are involved in the generation of R3HA-CoAs, the substrates for PHA synthase, from fatty acid (Fig. 3) .
It has been shown that the generation of R3HA-CoAs is possible only when the multienzyme complex FadAB is partially or fully inactivated. The enzymes responsible for connecting the ␤-oxidation and the PHA biosynthetic pathways in E. coli have not been thoroughly elucidated yet. Only recently, YfcX, which is homologous to FadB, has been suggested to be responsible for supplying MCL-PHA precursors from the ␤-oxidation pathway when FadB activity is removed in recombinant E. coli (30) . We, therefore examined whether the overexpression of the yfcX Ec gene can establish PHA biosynthetic pathway in E. coli W3110 harboring the Pseudomonas sp. strain 61-3 MCL-PHA synthase gene. However, PHA was not accumulated from sodium decanoate (Table 3) . Also, there has been a report showing that the overexpression of the P. oleovorans fadBA genes did not support PHA biosynthesis in recombinant E. coli (7) . The effect of coexpressing the yfcX Ec gene was notable in a fadB mutant E. coli WB101, resulting in the increase of PHA concentration compared with that obtained in E. coli WB101 harboring the phaC2 Ps gene only (Table 3) .
In bacteria synthesizing PHA from fatty acids, such as pseudomonads and aeromonads, the ␤-oxidation and PHA biosynthetic pathways is known to be linked by (R)-specific enoyl-CoA hydratases having broad substrate specificities even though they also possess FadB containing enoyl-CoA hydratase activity (7, 8, 9, 23, 34, 35) . These results encouraged us to search for a missing enzyme in E. coli, which is responsible for linking the ␤-oxidation and PHA biosynthetic pathways.
Protein database search revealed that a putative aldehyde dehydrogenase, MaoC, is homologous to the P. aeruginosa enoyl-CoA hydratase (PhaJ1). The maoC gene exists as an operon with the maoA gene in E. coli (31, 32) . The mao operon has been reported to encode enzymes involved in the degradation of aromatic amine compounds. The maoA gene encodes an aromatic amine oxidase, which is similar to that of Klebsiella aerogenes (31, 32) . Until now, the enzymatic characterization of E. coli MaoC has not been carried out. We, therefore, examined whether this uncharacterized enzyme, MaoC, can link the ␤-oxidation and PHA biosynthetic pathways in E. coli.
When the (R)-specific enoyl-CoA hydratase and the 3-ketoacyl-ACP reductase from various bacteria were used for the establishment of the PHA biosynthetic pathway in E. coli, the high level expression of these enzymes was suggested to be important for efficient channeling of PHA precursors from the ␤-oxidation pathway to the PHA biosynthetic pathway (9) . Therefore, it was first examined whether the overexpression of the maoC gene could supply PHA precursors from fatty acid. As summarized in Table 3 , the coexpression of the maoC Ec and phaC2 Ps genes in E. coli W3110 successfully allowed MCL-PHA accumulation. Considering that E. coli W3110 harboring only the PHA synthase did not produce PHA from fatty acid, it can be concluded that the overexpression of the maoC gene is necessary for channeling PHA precursors from the ␤-oxidation pathway. These results also suggest that E. coli MaoC carries out hydration of enoyl-CoAs to make R3HA-CoAs because the PHA synthase accepts only the (R)-form hydroxyacyl-CoAs as substrates. Recently, another ␤-oxidation pathway operating under anaerobic conditions using nitrate as a terminal respiratory electron acceptor, which is composed of YfcYX, was found to exist besides aerobic ␤-oxidation pathway in E. coli (5) . Also, it was reported that the deletion of the yfcX gene in fadB mutant E. coli abolished PHA biosynthetic capacity (30) . When the fadA and/or fadB genes are deleted, other enzymes such as YfcYX, which are able to use the ␤-oxidation cycle intermediates as substrates, seem to functionally operate. This phenomenon has been reported by several groups, who showed that various fadA and/or fadB mutant E. coli strains efficiently synthesized MCLPHAs when a heterologous MCL-PHA synthase gene was introduced (15, 22, 24, 25, 27) . A fadB mutant E. coli strain WB101 used in this study synthesized PHA when the Pseudomonas sp. strain 61-3 PHA synthase gene was introduced. Since enoyl-CoAs must be converted to R3HA-CoAs in E. coli, it was reasoned that E. coli may possess another enzyme having enoyl-CoA hydratase activity besides FadB. And, in this study, we have shown by gene knockout study and by enzyme assay that MaoC is the enzyme possessing enoyl-CoA hydratase activity in fadB mutant E. coli. From the results that the deletion of maoC Ec gene did not thoroughly abolish the PHA biosynthetic capacity, there should be other enzymes such as YfcX connecting the ␤-oxidation and PHA biosynthetic pathways. Haller et al. (10) reported that several enzymes including YfcX, PaaF, PaaG, and YgfG comprise crotonase superfamily, which are highly homologous to FadB and share the same active site with that of FadB. These enzymes may provide possible routes connecting the ␤-oxidation and PHA biosynthetic pathways. As shown in Table 3 , MCL-PHA consisting of various monomers, of which carbon numbers were reduced by FIG. 3 . Proposed metabolic pathways for PHA biosynthesis in recombinant E. coli strain from fatty acid through ␤-oxidation pathway. Enoyl-CoA hydratase, epimerase and 3-ketoacyl-CoA or ACP reductase have been employed to supply PHA precursors. The following letters in parentheses represent the indicated enzymes: A, enzymes that have not been elucidated in E. coli; B, amplified enzymes to supply PHA precursors FabG (22, 27, 33) , RhlG (22) , and PhaJ (9, 23, 34, 35) ; C, enzymes that are activated when the FadB is inactivated Ϫ YfcX (30), MaoC (this study); X, enzymes that should be inactivated to supply PHA precursors from fatty acid (15, 22, 24, 25, 27, 30 2 and 4 compared with those of supplied fatty acid, was produced by fadB mutant E. coli, even though the key enzyme, FadB, involved in cycling intermediates of ␤-oxidation was inactivated. These results might have resulted from the presence of various FadB homologous enzymes mentioned above. Recently, the crystal structure of Aeromonas caviae (R)-specific enoyl-CoA hydratase was resolved, and the catalytic residues were suggested to be Asp-31 and His-36 (11) . Also, these amino acids were found to be highly conserved in various (R)-hydratases (11) . Multiple alignment of MaoC and PhaJ1 clearly showed that these essential amino acid residues also exist in MaoC at conserved region (Fig. 1) supporting that MaoC is a new enoyl-CoA hydratase in E. coli.
Until now, the missing link between the PHA biosynthetic pathway and the ␤-oxidation pathway has not been thoroughly elucidated in recombinant E. coli. In this study, we have shown that MaoC is a new enoyl-CoA hydratase which is involved in converting enoyl-CoAs to R3HA-CoAs in fadB mutant E. coli. When the host strain possesses intact FadB, MaoC was not able to convert as much enoyl-CoAs as in the fadB mutant strain ( Table 3 ), suggesting that FadB has higher affinity and activity towards enoyl-CoAs. From these results, the metabolic pathway for PHA biosynthesis using impaired ␤-oxidation pathway in recombinant E. coli is suggested (Fig. 3) .
